Abstract. We measured seasonal patterns of net ecosystem exchange (NEE) of CO2 in a diverse peatland complex underlain by discontinuous permafrost in northern Manitoba, Canada, as part of the Boreal Ecosystems Atmosphere Study (BOREAS). Study sites spanned the full range of peatland trophic and moisture gradients found in boreal environments from bog (pH 3.9) to rich fen (pH 7.2). During midseason (July-August, 1996), highest rates of NEE and respiration followed the trophic sequence of bog (5.4 to -3.9 •tmol CO2 rn -2 s -1) < poor fen (6.3 to -6.5 •tmol CO2 rn -2 s -1) < intermediate fen (10.5 to -7.8 •mol CO2 rn -2 s -1) < rich fen (14.9 to -8.7 •mol CO2 m -2 s-1). The sequence changed during spring (May-June) and fall (September-October) when ericaceous shrub (e.g., Chamaedaphne calyculata) bogs and sedge (Carex spp.) communities in poor to intermediate fens had higher maximum CO2 fixation rates than deciduous shrub-dominated (Salix spp. and Betula spp.) rich fens. Timing of snowmelt and differential rates of peat surface thaw in microtopographic hummocks and hollows controlled the onset of carbon uptake in spring. Maximum photosynthesis and respiration were closely correlated throughout the growing season with a ratio of approximately 1/3 ecosystem respiration to maximum carbon uptake at all sites across the trophic gradient. Soil temperatures above the water table and timing of surface thaw and freeze-up in the spring and fall were more important to net CO2 exchange than deep soil warming. This close coupling of maximum CO2 uptake and respiration to easily measurable variables, such as trophic status, peat temperature, and water table, will improve models of wetland carbon exchange. Although trophic status, aboveground net primary productivity, and surface temperatures were more important than water level in predicting respiration on a daily basis, the mean position of the water table was a good predictor (r 2 = 0.63) of mean respiration rates across the range of plant community and moisture gradients. Q10 values ranged from 3.0 to 4.1 from bog to rich fen, but when normalized by above ground vascular plant biomass, the Q10 for all sites was 3.3.
fine root, and litter production) exceeds decomposition over longer time periods . However, the change in carbon balance may depend on trophic status of the peatland owing to different rates of fine root production, mineralization potential [Updegraffet al., 1995] , bulk density of the peat, and changes in the carbon storage in biomass (trees and shrubs) [Minkkinen and Laine, 1996] .
Most studies of net CO2 exchange have focused on the midgrowing season, yet a modeling study of a boreal black spruce ecosystem showed that the timing of spring was one of the most important factors explaining interannual variability in the carbon balance [Frolking et al., 1996] . Fall periods may also be significant because soil respiration continues past the decline in plant photosynthesis in some boreal ecosystems as a result of a lag in the warming of deep soils relative to surface temperatures [Goulden et al., 1998 ].
The purposes of this study were to 1) measure rates of net ecosystem exchange (NEE) of CO2 from the period of snowmelt through the growing season until fall freeze-up to assess the differences among seasons; 2) compare the seasonal patterns and ranges of NEE and respiration in peatlands with different trophic, plant community, thermal, and moisture regimes; and 3) develop predictive relationships among photosynthesis, respiration, and the environmental controls on these processes to improve our understanding and modeling of wetland carbon exchanges.
Study Site
The peatland complex in this study was chosen for its diverse representation of plant communities, thermal and hydrochemical gradients, and the presence of peat plateaus, palsas, and collapse scars. The field experiment was located in the Northern Study Area of Boreal Ecosystems Atmosphere Study (BOREAS) [Sellers et al., 1995] , near Thompson, Manitoba (55.91 ø N, 98.42 ø W). The average annual temperature and precipitation for the region are -3.9 ø C and 542 mm (40% as snow; 60% as rain). The sampling year 1996 was normal, within 1 standard deviation of 30 year precipitation and temperature means. The underlying substrates supporting the wetlands are Glacial Lake Agassiz sediments overlying the regional bedrock of Canadian Shield Precambrian gneissic granite. Soils are derived predominantly from Glacial Lake Agassiz sediments and consist mostly of clays and organics. Wetlands are common in the region owing to poor drainage across the flat terrain. The wetlands include a wide range of types found in northern peatlands from rich fen to bog (pH 7.2-3.9) [Zoltai, 1988] . Plant associations in rich fens are diverse, dominated by brown mosses (e.g., Drepanocladus spp., Scorpidium spp.) and deciduous shrubs (e.g., Salix spp., Betula spp.) Sedges (particularly Carex spp.) are common in poor and intermediate fens with water tables close to the surface. Permafrost underlies many of the peatlands; frozen palsas and peat plateaus are dry and wooded with upland plant communities such as black spruce (Picea mariana), feather mosses (e.g., Pleurozium schreberi), and ericaceous shrubs (e.g., Ledum groenlandicum). Areas of permafrost degradation are found interspersed in the frozen features. These collapse scars become bogs (species poor, Sphagnum-dominated communities) if they collapse completely internal to a peat plateau, isolated from groundwater, or may develop into fens if they collapse on the edge of a peat plateau where groundwater intrudes [Vitt et al., 1994; Zoltai, 1993 
Materials and Methods

CO2 Measurements
Net ecosystem CO2 exchange (NEE), photosynthetically active radiation (PAR), relative humidity (RH), and chamber temperature were measured with a LI-COR 6200 portable photosynthesis system, which includes a LI-6250 infrared gas analyzer, thermistor, hygrometer, quantum sensor, and data logger. Whole ecosystem measurements were made with clear, climate-controlled chambers, modeled after a chamber described by Whiting et al. [1991] and Carroll and Crill [1997] , designed and constructed at the University of New Hampshire. The chamber walls were constructed of clear lexan and teflon film with a removable top to allow equilibration of plant communities to ambient conditions between sampling runs. The climate-control system consisted of a heat exchanger (Dodge Motors transmission cooler) and a cooler to store cold water that was pumped through the heat exchanger. Fans mounted on the inside of the chamber circulated air across the heat exchanger• maintaining the enclosed air to within 1 øC of outside air temperature. The area of the base of the chambers was 3660 cm 2 to fit a collar with the same area. Chamber heights were either 45 cm or 90 cm to accommodate the varying heights of the vegetation at the different sites. Aluminum collars with a groove for chamber placement were inserted into the peat in the fall of 1995 so that measurements could begin during the thaw period of 1996 with minimal peat disturbance. The groove was filled with water before each sampling run to ensure an airtight seal. In order to establish relationships between NEE and PAR on each sampling day, shrouds with different mesh sizes were used to reduce the light entering the chamber to 1/2 and 1/4 full light. Morning and afternoon sampling runs at equivalent PAR showed similar CO2 response (D. Joiner, personal communication, tower data, 1998). An opaque shroud was placed over the chamber to eliminate all light for measuring ecosystem respiration (autotrophic and heterotrophic). Four 2.5 min sampling runs at different light levels were conducted at each collar location on a weekly basis from April 15 to October 23, 1996.
Environmental Variables
Water table positions relative to the peat surface and peat temperature at 5, 10, 20, and 50 cm depth were measured continuously at each collar location with CR10 and CR7 data loggers (Campbell Scientific, Inc.). Water table measurements were made with a float and counterweight attached to a wheel and potentiometer [Roulet et al., 1991 ] mounted on a platform that was anchored by a wooden post driven into the clay below the peat (peat thickness varied from 2 to 5 m). Wells were constructed of PVC tubing, and the height of the peat surface in each collar was measured with a tube level referenced to the nearest well. Peat temperatures were measured with thermocouples attached at four levels to wooden stakes and inserted into the peat in October 1995. Aboveground net primary productivity (ANPP) was measured for the vascular plant and bryophyte component of each sampling site. Productivity for vascular plants was measured by clipping aboveground vegetation at the end of August before the plants senesced. Since NEE measurements were made through the period of plant senescence and fall freeze-up, three replicate plots were chosen within the vicinity of each collar. Clipped vascular plants were sorted into three categories: (1) woody leaf and stem, (2) graminoid, and (3) other herbaceous plant material. The biomass samples were dried at 60øC for 24-48 hours and weighed. Bryophyte productivity was measured by a cranked wire technique [Rochefort et al., 1990] for Sphagnum mosses and other mosses with a vertical growth pattern and by velcro markers for prostrate growth forms, such as "brown" mosses (e.g., Scorpidium scorpioides) and feather mosses (e.g., Pleurozium schreberi). For each technique, linear increments in growth were measured and converted into mass per unit area using the average bulk density of three replicate 103 cm samples for each species.
Data Analyses
The relationship between NEE and PAR (photosynthetically active radiation) was described by a rectangular hyperbola using a curve fitting technique [Thorriley and Johnson, 1990 ]:
where alpha a is the initial slope of the rectangular hyperbola (also called the apparent quantum yield), GPmax +/-R is the NEE asymptote, and R is the y axis intercept (or dark respiration value, R< 0). Since different plant communities saturate at different light levels, and GPmax assumes an infinite upper limit for PAR, we calculated the average rate of photosynthesis for each site for PAR > 1000 •mol CO2 m '2 s 4 in order to more realistically compare the maximum rates of photosynthesis for each site. We adopted the sign convention of CO2 uptake by the ecosystem as positive and CO2 emission from respiration as negative. The dark chambers measured ecosystem respiration (total of enclosed plants, roots, and soil microbes). Since light and dark measurements were made within a few minutes of each other, the difference between NEE at full or fractional light and NEE with a dark chamber (respiration) was considered to represent the gross photosynthesis at that light level for the vegetation within the chamber. Multiple stepwise regression (SYSTAT package, Wilkinson [1990] ) was used to develop empirical models for NEE, photosynthesis, and respiration with the measured environmental variables.
Results
Seasonal Patterns of CO2 Exchange
Measurements of net ecosystem CO: exchange from April through October 1996 show a similar pattern of CO: uptake and release but a difference in magnitude from bog to rich fen ( Figure  1 ). In all four sites, the timing of maximum positive CO: uptake and the timing of dark respiration are tightly coupled to one another; as the season progresses, the increase and decrease in both uptake and release follow similar patterns. In the early summer when the plants first emerge from the snow and ice (late May), light levels are near levels are near maximum for the season, which allows the system to "turn on" very rapidly and reach maximum NEE levels within a shorter period of time than it takes for the system to senesce in the late summer. Table 1 for site descriptions and Table 2 Table 2 ). The bog also had a lower average water table than the rich fen (Table 1) Table 2 ) show the largest differences among sites. The palsa was the only site that still had net CO2 release at high light levels, although it was the only site that did not include the entire plant canopy. Because it was well-drained, the trees were too large to enclose in the chambers, but the tree roots were included. All other sites had net CO2 uptake at PAR levels above 500 We developed empirical models for photosynthesis and respiration using stepwise multiple regression, combining the environmental variables and ranking them by order of importance (Table 3) Although water table position is less important than temperature in explaining respiration on a daily basis, the average seasonal dark CO2 flux is correlated strongly with average water table position for each collar location (Figure 7) . The water table generally has an inverse relationship with surface temperatures during the season (Figure 3b) , which may explain the weak relationship between daily respiration and water table position. However, the seasonal average water table position is an indication of the depth of the aerobic zone in the peat profile, which explains between-site differences better than average peat temperature.
The models for photosynthesis (Table 3) In this study, the maximum NEE values in bog sites are 3 times lower than in rich fens and half that of intermediate fens (Figure 1) . Respiration rates are also lower in the bog sites than in fens with a maximum of-3.9 •mol CO2 m -2 S '1, compared with -8.7 •mol CO2 m -2 s '1 for rich fens. NEE-PAR relationships (Table 2) In a modeling study of a boreal black spruce forest, Frolking et el. [1996] found that the timing of spring was one of the most important factors explaining interannual variability. By the time the snow melts in northern latitudes, light levels are already near their annual maximum. Carbon uptake for evergreens reaches its maximum soon after the soil thaws.
Although differences in trophic status were more important than microtopography in explaining the range of NEE and respiration rates across sites midseason, microtopography was important within sites, particularly in the spring. In this study, emissions of CO2 occurred through the snow in early spring and varied according to the presence or absence of ice lenses in the peat and within the snowpack. Differential rates of snowmelt and thaw across the peatland controlled the onset of net carbon uptake. Moss photosynthesis began on the drier hummocks as soon as the surface 5 cm was thawed (Figure 3) . Saturated hollows continued to be a net source of CO2 until the ice thawed, as much as 3 weeks later than the drier areas. This staggered timing of carbon uptake may be important for the carbon balance, especially in peatlands with significant microtopography [Ball, 1996; Waddington and Roulet, 1996] . In this study, the NEE-PAR curves for this early transition period (Table 2; Figure 2) show that a greater percentage of sites were net sources of CO2 to the atmosphere compared with midseason, owing to differential rates of snowmelt and thaw. The rich fen had the greatest range of NEE at maximum light levels with some of the drier hummock sites showing uptake rates of up to 6.9
•mol CO2 m -2 s -l, while the saturated sites were still net sources of CO2 (-0.5 to -2.0 •mol CO2 m -2 s -1) to the atmosphere at high light levels. (Table 2) The strong correlation between photosynthesis at maximum light and respiration (Figure 5) , suggests that the two processes are tightly coupled even though different factors are controlling uptake and release of carbon. PAR is the primary control on photosynthesis, but increasing light levels are correlated with increases in soil temperature, which is a dominant control on respiration. Although it is difficult to sort out the components of ecosystem respiration, there may be a strong physiological link between photosynthesis, plant metabolism, and respiration. Even though these processes occur on different timescales, the ratio of combined autotrophic and heterotrophic respiration to maximum CO2 uptake at high light is consistently 1/3. Other studies have found that 30-70% of total respiration in bogs is due to root respiration or root-derived microbial respiration [Bhardwaj, 1997; Silvola et al., 1996b] . The close relationship between surface temperatures and respiration suggests that root-associated processes may be responsible for a substantial portion of total respiration.
NEE-PAR curve parameters
Research in boreal upland sites shows a lag between photosynthesis and respiration, with higher respiration rates continuing well past plant senescence into the fall [Goulden et al., 1998 ]. This offset is attributed to deep soil warming, which lags behind the surface temperatures and dominates the late season CO2 flux. Although the 50 cm soil temperatures lagged behind the surface temperatures in all the peatland sites in this study (Figure  4) The temperature coefficients (Q10) along the bog to rich fen trophic gradient range from 3.0 to 4.1. When normalized by aboveground vascular plant biomass, the Q10 for all sites becomes 3.3 (Figure 6 ). These values are generally higher than for mineral soils; in a review by Raich and Schlesinger [ 1992] , the range for all soils is 1.3-3.3 (median 2.4). The higher Q10 values in this study correspond with high values found in wet, organic soils and lower temperatures [Kirschbaum, 1995; Silvola et al., 1996a, b] . Chapman and Thurlow [1996] propose that an increased temperature sensitivity may be characteristic of acidic, organic soils, which may make these soils more sensitive to climate change.
Water table is an important control on respiration, although its significance is greater on an average seasonal basis than on a daily one. In the empirical model for respiration (Table 3), water table  was g CO2-C m -2 in a rich fen during the same year that was unusually dry in northern Manitoba. In some cases, drier years can turn certain portions of a peatland into a source while others remain a sink in peatlands with significant microtopography [Waddington and Roulet, 1996] .
Comparing results from this study with NEE measurements made at some of the same sites in 1994 shows that interannual differences in water table and temperature had an effect in the rich fen but were less significant in the other sites [Bellisario et al., 1998 ]. In the warmer and drier 1994 season, respiration rates were significantly higher in late summer when the water have also shown that lower water tables are correlated with increased CO2 fixation and plant production in some peatlands after long-term drainage.
Changes in surface temperatures and water table are more important in peatland environments than in deep soil warming, which may be a significant factor in altering the carbon balance in upland boreal ecosystems [e.g. Goulden et al., 1998 ]. The strong relationship between photosynthesis at maximum light and respiration in this study suggests that these processes are closely coupled during the growing season and are correlated with easily measured variables such as surface temperatures, water level, and trophic status (bog versus fen; ANPP). Although we need to improve our understanding of the physiological and microbial processes, these predictive relationships may improve our ability to model wetland CO2 exchanges and to predict the effect of a changing climate on peatland carbon balances.
